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Stress fibers are generated by two distinct actin
assembly mechanisms in motile cells

Pirta Hotulainen and Pekka Lappalainen

Insfitute of Biotechnology, University of Helsinki, Helsinki FF00014, Finland

tress fibers play a central role in adhesion, motility,

and morphogenesis of eukoryotic cells, but the

mechanism of how these and other contractile
actomyosin structures are generated is not known. By
analyzing stress fiber assembly pathways using live cell
microscopy, we revealed that these structures are gener-
ated by two distinct mechanisms. Dorsal stress fibers,
which are connected to the substrate via a focal adhe-
sion at one end, are assembled through formin (mDia1/
DRF1)-driven actin polymerization at focal adhesions.
In contrast, transverse arcs, which are not direcﬂy an-
chored to substrate, are generated by endwise anneal-

Introduction

Cell locomotion and adhesion play key roles during embryonic
development, tissue regeneration, immune responses, and
wound healing in multicellular organisms. Cell migration,
changes in cells’ shape, and adhesive properties are regulated
by continuous remodeling of the actin cytoskeleton. Although
multicellular organisms contain a wide array of actin filament
assemblies, the actin structures that play fundamental roles in
cell migration can be roughly divided into three categories:
(1) lamellipodial actin network at the leading edge of the cell,
(2) unipolar filopodial bundles beneath the plasma membrane,
and (3) contractile actin stress fibers in the cytoplasm (for
review see Ridley et al., 2003).

The lamellipodium contains a network of short, branched
actin filaments that produce the physical force for protrusion of
the leading edge. The formation of new actin filaments at the
leading edge is promoted by the Arp2/3 complex, which nucle-
ates new filaments from the sides of preexisting filaments and
thus induces the formation of a branched filament network
(Mullins et al., 1998; Svitkina and Borisy, 1999). The elonga-
tion of newly nucleated filaments is subsequently inhibited by
capping proteins to maintain short, stiff filaments as well as to
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ing of myosin bundles and Arp2/3-nucleated actin
bundles at the lamella. Remorkcb|y, dorsal stress fibers
and transverse arcs can be converted to ventral stress
fibers anchored to focal adhesions at both ends. Fluo-
rescence recovery after photobleaching analysis re-
vealed that actin filament cross-linking in stress fibers is
highly dynamic, suggesting that the rapid association—
dissociation kinetics of cross-linkers may be essential
for the formation and contractility of stress fibers. Based
on these data, we propose a general model for as-
sembly and maintenance of contractile actin structures
in cells.

concentrate polymerization to the protruding region close to
the plasma membrane (for reviews see Pantaloni et al., 2001;
Nicholson-Dykstra et al., 2005). Filopodia are thin cellular pro-
cesses containing long parallel actin filaments arranged into
tight bundles. Recent studies have demonstrated that filopodia
are initiated from the dendritic lamellipodial actin network by
uncapping and subsequent elongation of subsets of privileged
barbed ends (Svitkina et al., 2003). Ena/VASP family proteins
and formins appear to play a central role in uncapping and elon-
gation of filopodial actin bundles (Bear et al., 2002; Schirenbeck
et al., 2005).

In contrast to relatively well characterized lamellipodia
and filopodia, the assembly mechanisms of actin stress fibers
are still poorly understood. Stress fibers are contractile actomy-
osin bundles, which are essential for cell adhesion to the sub-
stratum and for changes in cell morphology, specifically the
retraction of the trailing edge (“tail”) during migration. Stress
fibers are composed of relatively short actin filaments with al-
ternating polarity (Cramer et al., 1997). These filaments are
cross-linked by a-actinin and possibly also by other actin-
bundling proteins. a-Actinin and myosin display periodic
distribution along stress fibers typical also for other types of
contractile structures, such as myofibrils of muscle cells. Animal
cells contain at least three different categories of stress fibers:
ventral stress fibers, transverse arcs, and dorsal stress fibers.
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Ventral stress fibers are contractile actin filament bundles that
are typically associated at both their ends to focal adhesions.
These structures are located at the ventral surface of the cell and
play an important role in cell adhesion and contraction. Trans-
verse arcs are curved actomyosin bundles that are not directly
associated to focal adhesions at their ends. In motile cells, trans-
verse arcs show typical flow from the leading edge toward the
cell center. Dorsal stress fibers are actin bundles that insert into
focal adhesions at the ventral cell surface, rise toward the dorsal
section of the cell, and often terminate to a transverse arc at
their proximal ends (Heath, 1983; Heath and Holifield, 1993;
Small et al., 1998).

Stress fiber assembly is regulated by a signaling cascade
involving the RhoA small GTPase (Ridley and Hall, 1992). The
GTP bound form of RhoA activates Rho-associated kinase,
which in turn promotes stress fiber formation by inhibiting actin
filament depolymerization (through inactivation of actin depo-
lymerizing factor/cofilins via LIM kinase) and by inducing
contractility (through phosphorylation of myosin light chains
[MLCs]). In addition, RhoA directly activates formins, which
have been proposed to induce actin assembly during stress fiber
formation (for review see Jaffe and Hall, 2005). However, the
actin filament assembly pathways promoting the formation of
three types of stress fibers and the mechanism of myosin incor-
poration into these structures has not been determined. We
applied multicolor live cell microscopy and FRAP methods
to explore how actin stress fibers are assembled in cells and
show that actin filaments for stress fibers are derived from two
different sources.

For multicolor live cell microscopy of stress fiber assembly, we
used previously characterized GFP fusion proteins of central
stress fiber components: actin (Choidas et al., 1998), a-actinin
(Edlund et al., 2001), and myosin II regulatory light chain
(Peterson et al., 2004) as well as a focal adhesion marker, zyxin
(Rottner et al., 2001; see Materials and methods). These four
proteins were also fused with the GFP spectral variants YFP and
CFP to simultaneously examine the distribution and dynamics
of two different fusion proteins during stress fiber assembly.
To avoid possible overexpression artifacts, only cells displaying
an intact actin cytoskeleton and expressing the lowest detect-
able amounts of fusion proteins were chosen for further analysis.
It is also important to note that localizations of GFP fusions of
actin, a-actinin, zyxin, and MLC were identical as compared
with the subcellular localizations of endogenous proteins
(unpublished data).

The analysis of stress fiber assembly has been hampered
by the fact that most nonmotile cell types contain thick, non-
dynamic stress fibers, whereas most motile cell types con-
tain very few and thin stress fibers and are thus not suitable
for live cell microscopy analysis. Therefore, we first screened
several cell lines by phalloidin staining to visualize the actin
cytoskeletons in fixed cells as well as by expressing GFP-
actin to examine the dynamics of these actin structures. U20S
human osteosarcoma cell line was chosen for further analysis

Vinculin

merge

Figure 1. Contractile actin arrays in U20S cells. (A) Focal adhesions
and F-actin were visualized with anti-vinculin antibodies and phalloidin,
respectively. Three categories of contractile actin arrays are highlighted
on the F-actin image (top right): dorsal stress fibers (red), transverse arcs
(yellow), and ventral stress fibers (green). Bar, 10 um. (B) Actin dynamics
in U20S cells visualized by GFP-actin. Time-lapse images were taken
from Video 1 (available at hitp://www.jcb.org/cgi/conent/full/jcb.
200511093/DC1). Bar, 10 um. Time-lapse frames of region of interest
(indicated with a white rectangle) are displayed in C in higher magnification.
(C) Dorsal stress fibers interact with sides of arcs to form a continuous stress
fiber network. Time is shown in minutes. Bar, 5 um.

because these cells displayed thick stress fibers that were also
relatively dynamic based on GFP-actin distribution in live cells
(Fig. 1 and Video 1, available at http://www.jcb.org/cgi/content/
full/jcb.200511093/DC1).

By analyzing U20S cells in which F-actin and focal adhesions
were visualized by phalloidin and anti-vinculin staining, respec-
tively, we noticed that they contain three different categories of
contractile actin arrays that correspond to dorsal stress fibers,
transverse arcs, and ventral stress fibers (based on nomencla-
ture described by Small et al., 1998; Fig. 1 A, top right corner).



In U20S cells, dorsal stress fibers typically associate with focal
adhesions at one end, ventral stress fibers interact with focal adhe-
sions at both ends, and the ends of transverse arcs do not directly
interact with focal adhesions (Fig. 1 A and Video 2, available at
http://www.jcb.org/cgi/content/full/jcb.200511093/DC1).

Live cell analysis revealed that dorsal stress fibers and
transverse arcs undergo continuous formation and disassembly.
Dorsal stress fibers were first detected as small actin-rich spots
close to the leading edge of the cell (Fig. 1 B). These actin spots
then elongated toward the center of the cell and formed bundles
of several micrometers in length. During elongation, the proxi-
mal ends of dorsal stress fibers appeared to connect to trans-
verse arcs. In contrast to dorsal stress fibers, transverse arcs
appeared to assemble from short actin filament bundles gener-
ated at the leading edge, and these structures then condensed as
they flowed toward cell center (Fig. 1, B and C; and Video 1).

It is important to emphasize that these three distinct cate-
gories of contractile actin arrays interact directly with each
other and form a continuous and dynamic actin filament net-
work (Fig. 1, B and C; and Video 1). Interestingly, dorsal stress
fibers and transverse arcs often converted to ventral stress
fibers. During this process, dorsal stress fibers that formed at
opposite sides of the cell associated with a transverse arc lo-
cated between them. During the centripetal flow of actin, the
transverse arc (now connected to at least two focal adhesions
through dorsal stress fibers) began to contract. During contrac-
tion, the transverse arc regions that were not located between
the two dorsal stress fibers dissociated, leading to the formation
of a ventral stress fiber that associated with focal adhesions at
both ends (Fig. 2 and Video 3, available at http://www.jcb.org/
cgi/content/full/jcb.200511093/DC1). Together, these observa-
tions indicated that dorsal stress fibers and transverse arcs are
generated by the de novo polymerization of actin filaments or
condensation of smaller filament fragments into visible struc-
tures, whereas ventral stress fibers can be generated through re-
organization of the preexisting dorsal stress fiber/transverse arc
network. Thus, the assembly of dorsal stress fibers and trans-
verse arcs was studied in more detail.

0 min 9 min

7 4.5 min

To reveal the mechanism of dorsal stress fiber assembly, we
first simultaneously visualized focal adhesions (with zyxin-
CFP) and actin bundles (with a-actinin—YFP) and observed
that after an appearance of a new focal adhesion, an actin fila-
ment bundle began to elongate from the focal adhesion (Fig.
3 A and Video 4, available at http://www.jcb.org/cgi/content/
full/jcb.200511093/DC1). During elongation, dorsal stress fi-
bers typically interacted with transverse arcs and thus formed
a connection between a transverse arc and a focal adhesion.
Occasionally, elongating dorsal stress fibers also interacted with
another focal adhesion (Fig. 3 A, cyan arrow).

To determine whether dorsal stress fibers grow by actin
polymerization at focal adhesions, along the filament bundles,
or at filament ends, we compared the elongation rate of an entire
filament bundle with the elongation rate of the filament bundle
at the region close to the focal adhesion. Quantification of GFP-
actin—labeled dorsal stress fibers yielded a growth rate of
0.3 pwm/min (Fig. 3, B and D, filament elongation). The mean
growth rates were very similar in dorsal stress fibers that had
free proximal ends and in the ones connected to transverse arcs
at their proximal end. To determine the rate of stress fiber elon-
gation from focal adhesions, we performed a FRAP analysis in
which a 2.5-pm-wide region of a dorsal stress fiber was photo-
bleached near a focal adhesion. In addition to a general recov-
ery of fluorescence at the bleached region of stress fiber (the
result of actin turnover within the stress fiber), we observed an
elongation of the bright stress fiber region from the focal adhe-
sion (Fig. 3 C, cyan arrows). This elongation was accompanied
by a rearward flow of the bleached region (Fig. 3 C, yellow
arrows). Quantification of the growth of bright stress fiber regions
from focal adhesions yielded an elongation rate of 0.25 pm/min
(Fig. 3 D, FA polym). This rate was very similar to the mean
value obtained for the elongation rate of entire stress fibers, sug-
gesting that actin polymerization leading to dorsal stress fiber
elongation occurs primarily at the focal adhesion. The rearward
flow rate of transverse arcs occurred at a speed similar to that of
dorsal stress fiber elongation (Fig. 3 D, arc flow).

Figure 2. Ventral stress fiber assembly. Time-
lapse images of U20S cell expressing YFP-
actin (green) and zyxin-CFP (red). The same
time-lapse images in grayscale are shown in
the bottom panel to highlight the assembly of a
single ventral stress fiber. Dorsal stress fibers,
transverse arc, and ventral stress fiber are indi-
cated with red, yellow, and green, respectively.
The focal adhesions are marked with arrows
in both panels. The two arrows at the upper
part of the cell (9-18-min frames) indicate two
focal adhesions, which both appear to anchor
the stress fiber to substrate. The more distal fo-
cal adhesion disappears during the matura-
tion of the stress fiber. See Video 3 (available
at http://www.jcb.org/cgi/content/full/jcb.
200511093/DC1). Bar, 10 um.

GENERATION OF ACTIN STRESS FIBERS
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Figure 3. Mechanism of dorsal stress fiber assembly.
(A) Time-lapse images of a U20S cell expressing zyxin-CFP
(red) and a-actinin-YFP (green). White arrows indicate elon-
gating dorsal stress fibers, which eventually bind fo the sides of
the transverse arc. Cyan arrows indicate a growing stress fiber,
which binds to another focal adhesion from its proximal end.
See Video 4 (available at http://www.jcb.org/cgi/content/
full /jcb.200511093/DC1). (B) The elongation rate of entire
dorsal stress fibers was measured from time-lapse images of
GFP-actin—expressing U20S cells. Red and green arrows in-
dicate the positions of distal and proximal ends of the actin
bundle, respectively. (C) GFP-actin in a dorsal stress fiber was
photobleached from a 2.5-um-wide region (outlined with
white lines) close to the focal adhesion, and elongation of the
bright region of the dorsal stress fiber was subsequently mea-
sured from time-lapse images acquired after photobleaching.
(D) Comparison of elongation rate of entire dorsal stress fi-
bers (filament elongation; mean of 18 stress fibers), growth
rate close to focal adhesions (FA polym) as measured by pho-
tobleaching experiments (mean of 10 stress fibers), and the
rate of centripetal flow of transverse arcs (arc flow; mean of
8 arcs). SEMs are indicated in the graph. (E) Analysis of myosin
incorporation info dorsal stress fibers in U20S cells express-
ing a-actinin-CFP (red in color images and white in black-
and-white images) and YFP-MLC (green). Arrowheads indicate
the point of myosin incorporation detected by an appearance
of MLC fluorescence and subsequent displacement of a-actinin
(black-and-white images). Incorporated myosin bundle moves
toward the cell center because of elongation of the dorsal
stress fiber. After 43 min, the proximal end of the dorsal stress
fiber is decorated by several myosin Il dots (indicated by
white arrows). In all timelapse frames, the leading edge of
cell is at the top and the cell center is toward the bottom of the
panel. Bars, 5 pm.
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We next examined the actin filament assembly mechanism
at focal adhesions. Three different protein classes have been
shown to promote the nucleation of actin filaments in cells: the
Arp2/3 complex promotes the formation of a branched actin net-
work at the cell cortex (for review see Welch and Mullins, 2002),
formins generate unbranched filament bundles (for review see
Zigmond, 2004), and Spire promotes the formation of unbranched
filaments in specific cell types (Quinlan et al., 2005). For the fol-
lowing three reasons, formins are the most likely candidates for
promoting actin assembly during the formation of dorsal stress
fibers: (1) Dorsal stress fibers are composed of unbranched actin
bundles (Cramer et al., 1997). Although Spire can also generate
unbranched filaments, it is unlikely to play a central role in dorsal
stress fiber assembly because mammalian Spire proteins are ex-
pressed only in specialized cell types and localize to Rabl1-
positive recycling endosomes (Kerkhoff et al., 2001; Schumacher
et al., 2004). (2) mDial/DRF1 formin has previously been im-
plicated in regulating the abundance of stress fibers in cells
(Watanabe et al., 1999; Tominaga et al., 2000; Higashida et al.,
2004). (3) The rate of stress fiber elongation from focal adhesions
(0.25 pm/min; Fig. 2 D) is similar to the actin filament polymer-
ization rate of a mammalian formin, mDial, under physiological
actin concentration in vitro (0.4 wm/min; Romero et al., 2004).

From the Dia family formins, only mDial/DRF1 has been
implicated in the assembly of stress fibers (Watanabe et al., 1999),
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whereas mDia2 and -3 appear to be involved in other
cellular processes (Yasuda et al., 2004; Pellegrin and Mellor,
2005; Schirenbeck et al., 2005). We thus investigated the role
of mDial/DRF1 in dorsal stress fiber elongation by using
siRNA gene silencing method. Transfection of U20S cells
with fluorescently labeled siRNA oligonucleotide duplexes
targeted to mDial/DRF1 (Unsworth et al., 2004) resulted in
a dramatic decrease in mDial/DRF1 expression level as com-
pared with nontransfected cells by Western blotting (Fig. 4 A).
Correspondingly, a clear reduction in mDial/DRF1 expression
levels was detected by immunofluorescence in cells trans-
fected with fluorescent siRNA oligonucleotides as compared
with nontransfected wild-type cells (Fig. 4 B). The elongation
rate of dorsal stress fibers and retrograde flow of transverse
arcs in mDial/DRF1 knockdown cells was quantified using
the method described for wild-type cells (Fig. 3, B and D).
The rate of dorsal stress fiber elongation was reduced from 0.3
(wild type) to 0.1 wm/min in mDial/DRF1 knockdown cells
(Fig. 4 C, filament elongation). Depletion of mDial/DRF1
also resulted in an abnormal dorsal stress fiber morphology
and an accumulation of a-actinin in these structures (Fig. 4 D
and Videos 5-7, available at http://www.jcb.org/cgi/content/
full/jcb.200511093/DC1). Treatment of cells with transfection
reagents or with random RNAI oligonucleotides affected nei-
ther the rate of dorsal stress fiber elongation nor accumulation
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Figure 4. mDial/DRF1 deplefion affects elongation rate and morphology of dorsal stress fibers. (A) Western blot analysis demonstrating the mDia1/DRF1
protein levels in wildtype (wt) and mDia1/DRF1 siRNA-transfected (-Dia) U20S cells. Equal amounts of cell lysates (10 ug) were run on polyacrylamide
gel, and mDia1/DRF1 (a-Dia) and actin (a-actin) were visualized by Western blotting. (B) mDial/DRF1 levels are decreased in mDial/DRF1 siRNA-
transfected cells. U20S cells were transfected with Alexa 488-labeled mDia1/DRF1 (Dia) siRNA oligonucleotides and replated as a mixture with wild-type
cells. mDia1/DRF1 is visualized with anti-mDial/DRF1 (a-Dia) antibody staining (top). Cells containing Alexa 488-mDia1/DRF1 siRNA oligos (bottom,
cell highlighted with a white line) have clearly reduced expression levels of mDia1/DRF1 (top). (C) Comparison of dorsal stress fiber elongation rates in
wild-type cells (mean of 18 stress fibers) and in mDia1/DRF1 siRNA—transfected cells (mean of 22 stress fibers). Also, the rate of centripetal flow of trans-
verse arcs (arc flow) was defermined from both cell populations (wild type, mean of 8 arcs; -Dia, mean of 9 arcs). SEMs and statistical significance, calcu-
lated by Mann-Whitney U test, are indicated in the graph. (D) Live cell analysis of wildtype (top) and mDial/DRF1 knockdown cells (Dia-siRNA, two
examples). Cells were transfected with a-actinin-YFP (green) and with zyxin-CFP (red; at the bottom panel, only a-actinin is shown). In wild-ype cells, a-actinin
was aligned regularly throughout the dorsal stress fibers, whereas in mDial/DRF1 knockdown cells irregular accumulation of a-actinin into dorsal stress

fibers was defected. See Videos 5-7 (available at http://www.jcb.org/cgi/content/full /jcb.200511093/DC1). Bars, 10 pm.

of a-actinin to dorsal stress fibers (see Fig. 6 E; not depicted).
Expression of the actin polymerization—defective mDial/DRF1
mutant in U20S cells resulted in morphological defects in
dorsal stress fibers similar to the ones observed in mDial/
DRF1 knockdown cells (Fig. S1, available at http://www.jcb.
org/cgi/content/full/jcb.200511093/DC1). These control exper-
iments indicate that the effects were specific for mDial/DRF
siRNA oligonucleotides and that the actin filament nucle-
ation/polymerization activity is crucial for the function of this
protein. The transverse arc assembly and morphology were
relatively normal in mDial/DRF1 knockdown cells, although
the rate of transverse arc retrograde flow was slightly dimin-
ished, as compared with wild-type cells (Fig. 4 C, arc flow; and
Videos 5-7).

Collectively, these data show that mDial/DRF1 formin
plays an important role in actin polymerization during dorsal
stress fiber elongation. However, it is important to note that al-
though the elongation and morphology of dorsal stress fibers in
mDial/DRF1 knockdown cells were severely abnormal, some
actin polymerization still occurred at focal adhesions. This sug-

gests that in addition to mDial/DRF1-mediated filament elon-
gation, other formin family proteins may also contribute to actin
polymerization at focal adhesions.

To reveal the mechanism and timing of myosin incorpora-
tion into elongating dorsal stress fibers, we simultaneously vi-
sualized a-actinin-CFP and YFP-MLC in live U20S cells.
Dorsal stress fibers first elongated from focal adhesions as
a-actinin cross-linked bundles. In general, elongating dorsal
stress fibers did not contain detectable amounts of myosin II.
Myosin spots only appeared in these bundles after they reached
a length of several micrometers and connected to transverse
arcs (or converted to ventral stress fibers). Interestingly, myosin
bundles were inserted in the middle of the a-actinin cross-linked
bundles. Simultaneous with the appearance of a myosin spot in
the stress fiber, a-actinin was displaced from this region, dem-
onstrating that myosin and a-actinin binding to actin filaments
in stress fibers are mutually exclusive (Fig. 3 E, white arrow-
heads). As more myosin bundles were integrated into the actin
bundle, the dorsal stress fibers gained a periodic o-actinin—
myosin pattern (Fig. 3 E, last frame, arrows).

GENERATION OF ACTIN STRESS FIBERS
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We next examined the assembly mechanism of the transverse
arcs. As described above (Fig. 1 A), transverse arcs do not di-
rectly associate from their ends to focal adhesions and thus are
likely to be assembled through a mechanism distinct from the
one described in Fig. 3 for dorsal stress fibers. Live cell analysis
of GFP-actin— and a-actinin—YFP-expressing cells (Fig. 1 B
and Videos 1 and 8, available at http://www.jcb.org/cgi/content/
full/jcb.200511093/DC1) suggested that transverse arcs assem-
ble from short actin bundles generated at the leading lamellipo-
dium. These structures then flow toward the cell center and
condense to form contractile transverse arcs. To reveal how
myosin is incorporated into these structures, we followed the
formation of transverse arcs in U20S cells expressing
a-actinin—-CFP and YFP-MLC. In contrast to dorsal stress fi-
bers, where myosin was incorporated into a-actinin cross-linked
actin bundles, the periodic a-actinin—myosin pattern in trans-
verse arcs arose from end-to-end annealing of a-actinin— and
myosin-containing bundles (Fig. 5 A, left frames). Myosin II
and a-actinin cross-linked actin filaments subsequently formed
more regular structures through an equalization of the widths of
the a-actinin and myosin bands and by straightening the entire
bundle (Fig. 5 A, right frames). The intensity of some myosin II

0 min

Figure 5. Mechanism of transverse arc
assembly. (A) A U20S cell expressing a-actinin—
CFP (red) and YFP-MLC (green) was monitored
by time-lapse imaging. Individual a-actinin (a)
and myosin (m) bands are indicated by num-
bers (see diagram on the right). Cell edge is
located on the left side and the center of the
cell on the right side. Transverse arcs are gen-
erated by endwise annealing of short a-actinin
cross-linked actin and myosin bundles. Bar,
5 pm. (B) U20S cells were treated with 90%
DMSO (control) for 30 min (top) or with 50 uM
blebbistatin for 20 min (middle) or 30 min
(bottom). Cells were fixed, and F-actin, vinculin
(focal adhesions), and myosin Il were visual-
ized by phalloidin and anti-vinculin and anti-
myosin Il antibodies, respectively. White
arrows indicate remaining focal adhesions
and dorsal stress fibers in blebbistatintreated
cells, whereas transverse arcs were no longer
detected in these cells after 20 min of blebbi-
statin treatment. Bars, 10 um.

Blebb 30 min Blebb 20 min DMSO 30 min U

bands appeared to increase during the transverse arc formation,
suggesting that additional myosin II molecules can be added to
myosin II bundles during the maturation and centripetal flow of
the transverse arc.

Because transverse arc formation was not severely af-
fected by mDial/DRF1 depletion (Fig. 4) and the filaments for
transverse arcs appeared to originate from the lamellipodial net-
work, we examined the role of the Arp2/3 complex in transverse
arc assembly. Transfection of U20S cells with fluorescently la-
beled siRNA oligonucleotide duplexes targeted to the p34 sub-
unit of the Arp2/3 complex substantially depleted p34 expression
as determined by Western blotting. Treatment of cells with
transfection reagents did not alter p34 expression level in com-
parison to wild-type cells (Fig. 6 A). Correspondingly, a clear
reduction in p34 levels was detected by immunofluorescence in
cells transfected with fluorescent p34 siRNA oligonucleotides
as compared with nontransfected wild-type cells (Fig. 6 B).
Depletion of the p34 led to nearly total disappearance of lamel-
lipodial actin structures from U20S cells, supporting the central
role of this actin-nucleating complex at the leading edge of
motile cells (Fig. 6 C). Interestingly, p34 depletion also led
to an almost total disappearance of transverse arcs, whereas
the knockdown cells still displayed dorsal stress fibers.

1 min 4 min 5 min
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Focal adhesions in p34 knockdown cells were located very close
to the cell edge, at the sides of the lamellae (Fig. 6 C). Control
cells treated with transfection reagents or random oligonucle-
otide duplexes did not show reduction in lamellipodial actin or
absence of transverse arcs (unpublished data). The disruption of
the Arp2/3 localization in cells by expressing Scarl-WA
(Machesky and Insall, 1998) led to a phenotype similar to that of
p34 siRNA treatment (Fig. S2, available at http://www.jcb.org/
cgi/content/full/jcb.200511093/DC1). These findings suggest
that the p34 knockdown phenotype described was specific for
depletion of the Arp2/3 complex and did not result from the
nonspecific effects of transfection reagents or siRNA.

Live cell analysis of the p34 knockdown cells revealed
that dorsal stress fibers grew from focal adhesions toward the
cell center (Fig. 6 D and Video 9, available at http://www.jcb.org/
cgi/content/full/jcb.200511093/DC1). Interestingly, the growth
rate was faster (0.50 wm/min) than in wild-type cells and in
control cells treated with transfection reagents (0.27 pm/min;
Fig. 6 E), indicating that the Arp2/3 complex does not promote
elongation of dorsal stress fibers. We propose that the enhanced
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growth rate of dorsal stress fibers in p34 knockdown cells may
result from an increase in the cytoplasmic G-actin concentration
in the absence of Arp2/3-nucleated barbed ends. This is sup-
ported by the results demonstrating that the elongation rate of
Mg-ATP-actin in the presence of formins is directly propor-
tional to the monomer concentration (Kovar et al., 2006).
By following the growth of dorsal stress fibers in p34 knock-
down cells, we also detected that dorsal stress fibers growing from
the opposite sides of lamellae could anneal together in an end-
wise manner to generate a ventral stress fiber attached to the sub-
strate from both its ends (Fig. 6 D, right frames; and Video 9).
To investigate the role of myosin II activity in transverse
arc formation, we treated cells with blebbistatin, an inhibitor of
myosin ATPase activity (Straight et al., 2003). Treatment of
cells with 50 pM blebbistatin for 20 min led to a complete loss
of transverse arcs and myosin II localization in most cells.
In contrast, a fraction of focal adhesions and dorsal stress fibers
were still visible after 20 min of blebbistatin treatment. Exten-
sion of the incubation time to 30 min resulted in a disappearance
of focal adhesions and thus probably disappearance of dorsal

Figure 6. p34 depletion results in a loss of lamellipodia
and transverse arcs. (A) Western blot analysis demonstrat-
ing the p34 protein levels in wildtype (wt) cells, in control
cells treated with transfection reagents (co), and in p34
siRNA-transfected (p34) U20S cells. Equal amounts of
cell lysates (15 pg) were run on polyacrylamide gel, and
p34 (a-p34) and actin (e-actin) were visualized by Western
blotting. (B) U20S cells were transfected with Alexa 488—
labeled p34 siRNA oligonucleotides and replated as a
mixture with wild-type cells. p34 was visualized with anti-
p34 antibody (left, a-p34). The cell containing Alexa
488-p34 siRNA oligonucleotides (right, arrow) displays
reduced p34 levels (left, arrow). (C) Cells containing
Alexa 488-p34 siRNA oligonucleotides (left, arrow) dis-
played a loss of lamellipodal actin network and transverse
arcs. F-actin was visualized by phalloidin (F-actin), and
focal adhesions were labeled with anti-vinculin antibody
(vinculin). (D) Live cell analysis of p34 knockdown cell ex-
pressing GFP-actin. Only the lamella of a polarized cell is
shown. Dorsal stress fibers elongate from sides of lamella
toward the center of lamella. The ends of two dorsal stress
fibers growing from the opposite sides of the lamella are
highlighted with red and cyan arrowheads. Endwise an-
nealing of the two dorsal stress fibers leads to a formation
a stress fiber attached to substrate from both ends. See
Video 9 (available at http://www.jcb.org/cgi/content/
full/jcb.200511093/DC1). (E) Comparison of dorsal
stress fiber elongation rates in control cells treated with
transfection reagents (mean of 25 stress fibers) and in
p34 siRNA-transfected cells (mean of 13 stress fibers).
Statistical significance, calculated by Mann-Whitney U fest,
and SEMs are indicated in the graph. Bars, 10 pum.
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stress fibers (Fig. 5 B). The chronology of the disappearance of
different structures was further examined by video microscopy
using GFP-actin—transfected U20S cells (Video 10, available
at http://www.jcb.org/cgi/content/full/jcb.200511093/DC1).
Acquisition of time-lapse images every 3 min confirmed that
transverse arcs disappeared first after myosin inhibition, fol-
lowed by the disappearance of dorsal stress fibers. Sensitivity of
blebbistatin to blue light (Sakamoto et al., 2005) may explain
the less extensive disappearance of stress fibers in time-lapse
images as compared with fixed cells. Together, these data sug-
gest that transverse arc formation is strictly dependent on myo-
sin activity, whereas effects of myosin inhibition to dorsal stress
fibers may be more indirect and mediated by the disappearance
of focal adhesions. It is also possible that the delayed dorsal
stress fiber disappearance after blebbistatin treatment results
from lower sensitivity of dorsal stress fiber myosin to blebbi-
statin or from the fact that dorsal stress fibers typically contain
fewer myosin bundles than transverse arcs.

To obtain a more accurate picture of the dynamics of contractile
actin arrays, we determined the association/dissociation rates of
the three main stress fiber components—actin, a-actinin, and
myosin—by FRAP analysis. All three types of contractile actin
arrays—dorsal stress fibers, transverse arcs, and ventral stress
fibers—were analyzed. In contrast to the FRAP analysis shown
in Fig. 3 C, we examined the general recovery rates of the
bleached regions and, in the case of elongating dorsal stress
fibers, excluded the “growth region” from the analyses. Thus,
these analyses were expected to reflect the association—
dissociation dynamics of proteins to stress fibers.

Relative to a-actinin and MLC recovery rates, the recov-
ery of GFP-actin in the bleached regions of all stress fiber types
was slow, indicating that the actin filaments in stress fibers are
relatively stable (Fig. 7). Also, dynamics of MLC (Fig. 7) and
myosin heavy chain (not depicted) in stress fibers were rela-
tively slow in U20S cells. Interestingly, our FRAP analyses re-
vealed that a-actinin associated with all three types of stress
fibers in a highly dynamic manner (Fig. 7 and not depicted). For
an actin filament cross-linking protein, the fast association/dis-
sociation rate of a-actinin was surprising but in agreement with
the observed rapid association/dissociation rates of o-actinin to
actin filaments in vitro (Goldmann and Isenberg, 1993).

We examined the assembly mechanisms of the three types
of stress fibers in cultured U20S cells by live cell micro-
scopy methods and determined the dynamics of the most central
stress fiber components by FRAP. Our analyses revealed the
following: (1) Dorsal stress fibers are generated through formin
(mDial/DRF1)—driven actin polymerization at focal adhesions.
(2) Myosin bundles can be subsequently incorporated into the
a-actinin cross-linked actin bundles of dorsal stress fibers, al-
though this incorporation typically occurs only after dorsal
stress fibers have associated with transverse arcs at their proxi-
mal ends. (3) In contrast to dorsal stress fibers, transverse arcs
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Figure 7. Dynamics of stress fiber components. Association/dissociation
rates of GFP-actin were analyzed by FRAP from different types of contrac-
tile actin arrays. In addition, association/dissociation rates of MLC (GFP-
MLC) and a-actinin (a-actinin-GFP) were analyzed from ventral stress
fibers. (A) Time-lapse images before photobleaching (—20 s) and immedi-
ately after (+4 s) are shown together with selected time-lapse frames that
demonstrate the rate of fluorescence recovery. The fourth frame (surrounded
by wider white lines) represents the time point when approximately half of
the fluorescence was recovered. (B) The rates of fluorescence recovery of
individual filament bundles were analyzed by Leica software, half-recovery
time was quantified from 8-9 recovery curves for each category, and ke,
values were calculated. SEMs are indicated in the graph. d.s.f., dorsal
stress fibers; v.s.f., ventral stress fibers Bars, 5 um.

form by the end-to-end annealing of cortical Arp2/3-nucleated
actin bundles and myosin bundles. Experiments using blebbi-
statin demonstrated a critical role of myosin II activity in the
transverse arc assembly and maintenance. (4) Ventral stress



A Model for the assembly of transverse arcs

Plasma membrane

e
2 G TR i

" @ioi Kobs = 0.3 min™
3 e e eaiee

O G-actin
F-actin
# o-actinin

Myosin 11
bundle
Myosin
light chain

B  Model for the assembly of dorsal stress fibers

Keops = 0.5 min’'

-
- ©

QAT AN

—

o

C  Model for the assembly of ventral stress fibers

Plasma membrane — —

Figure 8. Model for the assembly of transverse arcs, dorsal stress fibers,
and ventral stress fibers. (A) Transverse arc. (1) Short actin bundles cross-
linked by a-actinin are generated at the plasma membrane through nucle-
ation by the Arp2/3 complex. (2) Actin bundles associate endwise with
myosin Il bundles close to the plasma membrane. (3) During centripetal
flow, the a-actinin and myosin Il bands are equalized in width, the entire
bundle is straightened, and the width of bands is decreased, apparently as
the result of a contraction of the transverse arc. (B) Dorsal stress fiber.
(1) After formation of a focal adhesion (FA), short unipolar actin filaments
are polymerized by mDia1/DRF1-dependent mechanism (Dia) from the fo-
cal adhesion at the rate of 0.3 wm/min. Polymerized actin filaments are si-
multaneously crosslinked by a-actinin. (2-4) The proximal end of a dorsal
stress fiber is connected to the side of a transverse arc. When dorsal stress
fiber has reached the length of several micrometers, myosin Il can be occa-
sionally incorporated into a-actinin cross-linked bundle, leading to a simul-
taneous displacement of a-actinin. (C) Ventral stress fiber. (1) Preassembled
dorsal stress fibers and arcs interact with each other. (2) The transverse arc

fibers, which are associated with focal adhesions at both ends,
can be generated from the preexisting transverse arc/dorsal
stress fiber network in U20S cells. The latter also provides an
explanation for how contractile actin bundles that are attached
to substratum at their two ends can be generated in cells.

Models for dorsal stress fiber, transverse arc, and ventral
stress fiber assembly based on the data obtained here are pre-
sented in Fig. 8. However, it is important to note that in addition
to the model presented in Fig. 8 C, ventral stress fibers may also
be generated by other mechanisms, such as the annealing of
short focal adhesion—attached actin bundles (Zimerman et al.,
2004). This is also supported by our observations showing that
in Arp2/3 knockdown cells, two dorsal stress fibers growing
from opposite sides of the lamella could fuse with each other to
form a ventral stress fiber.

Together, our data provide a plausible explanation for the
previous inconsistencies in the mechanism of stress fiber
assembly. Earlier live cell microscopy analyses provided evidence
that the initial site of stress fiber assembly involves discrete
spots near the cell edge, followed by a unidirectional growth/
stretching of actin bundles from this site (Wang, 1984). In con-
trast, other studies suggested that stress fibers are generated
from preexisting short actin bundles, which assemble together
to generate longer, contractile structures (Machesky and Hall,
1997; Zimerman et al., 2004). Our model proposing two distinct
assembly mechanisms of stress fibers, formin-driven assembly
at focal adhesions during dorsal stress fiber generation and end-
wise annealing of short myosin bundles and Arp2/3-nucleated
actin bundles during transverse arc formation is in good agree-
ment with these earlier, seemingly contradictory observations.
Furthermore, our FRAP analysis provided direct evidence that
dorsal stress fibers elongate through actin polymerization at fo-
cal adhesions and not through insertion of short actin filaments
at the proximal ends of these structures as previously suggested
(Heath and Holifield, 1993; Small and Resch, 2005).

Analysis of stress fiber component dynamics by FRAP
demonstrated that actin filaments are relatively stable in all
three types of actin bundles. However, our previous analyses
demonstrated that stress fibers became more prominent and
their turnover rates decreased when central regulators of actin
filament depolymerization, actin depolymerizing factor/cofilin
or cyclase-associated protein, were depleted from cells (Bertling
et al., 2004; Hotulainen et al., 2005). This observation suggested
that, despite slow turnover rates, the association and dissocia-
tion of actin monomers to and from stress fibers is promoted by
actin binding proteins. Interestingly, the association of a-actinin
with stress fibers is highly dynamic. We propose that a dynamic
cross-linking of actin filaments during the formation of stress

region that is not located between the two dorsal stress fibers is discon-
nected from the structure. (3) The transverse arc aligns between the two
dorsal stress fibers, contracts, and subsequently forms a ventral stress fiber
that is anchored to focal adhesions at both ends. The dynamics of actin,
a-actinin, and MLC association to stress fibers are indicated in the figure.
Note that a-actinin associates with stress fibers in a highly dynamic
manner. This dynamic filament cross-linking may be essential for myosin in-
corporation into dorsal stress fibers as well as for contractility of mature
stress fibers.
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fibers and in mature stress fibers may be essential for the fol-
lowing reasons: First, the dynamic association of a-actinin may
be necessary for the incorporation of myosin into dorsal stress
fibers. Rapid exchange of this actin cross-linker would allow
myosin motor domains to interact with actin filaments because
myosin and a-actinin binding to actin filaments are mutually
exclusive. Second, dynamic cross-linking could allow rotation
of actin filaments to convert a unipolar noncontractile structure
to a bipolar actin structure, which, together with a myosin bun-
dle, is capable of contracting. Consistent with this hypothesis,
it was recently shown that expression of a mutant a-actinin with
defects in PI(4,5)P, binding and slower association/dissociation
rate to actin filaments in vivo results in the formation of abnor-
mal stress fibers (Fraley et al., 2005). Finally, it is proposed that
during stress fiber contraction, a-actinin must be progressively
displaced to allow the movement of myosin toward the barbed
ends on a-actinin cross-linked filaments (Peterson et al., 2004).
Therefore, we suggest that dynamic cross-linking of actin fila-
ments is also important for the contractility of stress fibers.

In addition to stress fibers, multicellular organisms dis-
play other types of contractile actin filament bundles, such as
myofibrils in muscle cells. The assembly of myofibrils is gen-
erated through intermediates, namely, premyofibrils and na-
scent myofibrils. Premyofibrils consist of actin, a-actinin, and
nonmuscle myosin II and, interestingly, the assembly of pre-
myofibrils visualized with a-actinin—~GFP closely resembled
the assembly of transverse arcs described in this study. Similar
to transverse arcs, formation of premyofibrils begins at the
spreading edges of the myocytes (Dabiri et al., 1997). We spec-
ulate that a molecular assembly mechanism similar to the trans-
verse arc assembly pathway revealed here may also contribute
to the formation of the periodic contractile actin structures of
muscle cells.

Together, these studies form a framework explaining how
contractile actin stress fibers are assembled in cultured U20S
cells. In the future, it will be important to examine whether
stress fibers in other cell types are generated through similar or
different mechanisms. Recent studies have also shown that me-
chanical stretching induces changes in the morphology and
composition of stress fibers (Kaunas et al., 2005; Yoshigi et al.,
2005). Therefore, how actin polymerization in focal adhesions
and myosin incorporation into actin filament bundles are regu-
lated during maturation and stretching of a ventral stress fiber
provides important challenges for future research.

Cell culture and immunofluorescence microscopy

Human osteosarcoma (U20S) cells (a gift from T. Mékelé and T. Vallenius,
University of Helsinki, Helsinki, Finland) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum
(Hyclone), 2 mM t-glutamine, penicillin, and streptomycin (Sigma-Aldrich).
For immunofluorescence, the U20S cells were plated 3 h before fixation
on coverslips precoated with 10 ng/ml fibronectin. Immunofluorescence
was performed as described previously (Vartiainen et al., 2000). As an excep-
tion, for the mDia1/DRF1 stainings, cells were permeabilized with 0.05%
Saponin. Vinculin was visualized with a monoclonal anti-vinculin antibody
(dilution 1:140; Sigma-Aldrich); mDia1/DRF1 with monoclonal anti-mDia
antibody (dilution 1:100; BD Biosciences); p34 with rabbit polyclonal anti-
p34 antibody (dilution 1:50; Upstate Biotechnology); a-actinin with mono-

clonal a-actinin antibody (dilution 1:50; Sigma-Aldrich); myosin Il with
rabbit anti-nonmuscle myosin antibodies (dilution 1:60; Biomedical Tech-
nologies); and secondary antibodies conjugated to FITC, rhodamine, or
CyS5 (Invitrogen). F-actin was visualized with Alexa 488 or 568 phalloidin
(dilution 1:100; Invitrogen). Images were acquired through a charge-
coupled device camera (DP70; Olympus) on a microscope (AX70 Provis;
Olympus). For the image acquirement, the AnalySIS software (Olympus)
and PlanApo 60%/1.40 (oil) or UPlanApo 100x/1.35 (oil) objectives
(Olympus) were used. (—)-Blebbistatin was obtained from Sigma-Aldrich.

Plasmid construction and transient fransfections

Human GFP-B-actin plasmid (Choidas et al., 1998) was a gift from
M. Béhler (Westfalian Wilhelms-University, Minster, Germany). YFP-B-actin
was purchased from CLONTECH Laboratories, Inc. Human nonmuscle
a-actinin-1 cDNA cloned to the 5'-end of the humanized S65T version of
GFP (Edlund et al., 2001) was a gift from C. Otey (University of North
Carolina School of Medicine, Chapel Hill, NC). The cDNA encoding
cactinin was amplified by PCR (primers 5'-GCCGCTCGAGATGGACC-
ATTATGATTCTCAGCA-3" and 5'-GCCGGAATTCCGAGGTCACTCTCGC-
CGTACAG:-3'), and the PCR fragment was subcloned into the Xhol-EcoRlI
sites of the pECFP-N1 and pEYFP-NT vectors (CLONTECH Laboratories,
Inc.) to generate plasmids expressing a-actinin-CFP and -YFP fusion
proteins. PCR fragment was verified by sequencing. GFP-MLC (Peferson
et al., 2004) was a gift from L. Peterson (University of North Carolina
School of Medicine, Chapel Hill, NC). To create YFP-MLC, MLC ¢DNA
was excised with Xhol and BamHI from GFP-MLC plasmid and ligated into
the corresponding sites of the pEYFP-C1 vector (CLONTECH Laboratories,
Inc.). Zyxin-GFP plasmid (Rottner et al., 2001) was a gift from K. Rottner
(German Research Center for Biotechnology, Braunschweig, Germany).
The zyxin cDNA was transferred from zyxin-GFP into pECFP-N1 vectfor
(CLONTECH Laboratories, Inc.) using the EcoRl and BamHI restriction sites
to generate zyxin-CFP plasmid. To generate the GFP-mDial lle810Ala
mutation construct, the GFP-mDial construct (a gift from N. Watanabe,
Kyoto University, Kyoto, Japan; Higashida et al., 2004) was mutated by in-
verse PCR by using primers 5-CCTTTTTGGGTTCATTCCGCATGCCCTA-3’
and 5-CTGAGAGATTCTGCGCTGTCTTTGAATC-3'. This generated two
nucleotide changes to the mDial target sequence (TCAATCTTT sequence
was mutated to TCAGCCTTT), which altered isoleucine 810 residue to
alanine. mDial 1le810 is comparable to Bnilp lle1341 (Xu et al., 2004).
Myctagged Scarl-W and -WA fragments were gifts from L. Machesky
(University of Birmingham, Birmingham, UK; Machesky and Insall, 1998).
Transient transfection of U20S cells was performed with FUGENE (Roche)
using 25% of the recommended DNA and FUGENE amounts according to
the manufacturer’s instructions.

siRNA treatment and Western blotting

For the siRNA experiments, 1,500 ng of preannealed 3" Alexa Fluor 488-
labeled mDia1/DRF1 siRNA (target sequence AAAGGCAGAGCCACAC-
TTCCT [Unsworth et al., 2004]; QIAGEN) or p34 siRNA (target sequence
AAGGAACTTCAGGCACATGGT) oligonucleotide duplexes were transfected
into cells on 6-well plates by using GeneSilencer’s siRNA-ransfection re-
agent (Gene Therapy Systems) according to the manufacturer’s recommen-
dations. After 44 or 68 h, the cells were detached with trypsin-EDTA,
diluted, and plated on precoated (10 wg/ml fibronectin) glass-bottomed
dishes (MafTek) for the live cell imaging. Analysis of the cells was per-
formed 46-52 h after transfection. The cells for Western blotting were
washed three times with cold PBS, scraped, and lysed with PBS containing
1% Triton X-100 and 0.3 mM PMSF. Total protein concentrations were
measured using Bradford reagent (Sigma-Aldrich). Anti-mDial antibody
(BD Biosciences) was used at a dilution of 1:500, anti-p34 (Upstate Bio-
technology) at a dilution of 1:500, and anti-actin AC-15 antibody (Sigma-
Aldrich) at a dilution of 1:10,000.

Live cell microscopy

Transfected cells were replated on 10 pg/ml fibronectin—coated glass-
bottomed dishes. Normal growth medium was used as imaging medium.
The time-lapse images were acquired with an inverted microscope (IX-71;
Olympus) equipped with a Polychrome IV monochromator (TILL Photonics)
with the appropriate filters, heated sample environment (+37°C), and CO,
control. UApo 40%/1.35 (oil) objective (Olympus) with 1.6 magnifica-
tion or PLAPON 60xO TIRFM 60x/1.45 (oil) objective (Olympus) were
used. The software used for the image acquirement was TILL Vision 4 (TILL
Photonics). Total internal reflectance fluorescence analysis was performed
with the same microscope setup using a 488-nm laser line. The cameras
used for the study were Imago QE (TILL Photonics) and Andor iXon (Andor).



Time-lapse videos were deconvoluted by AutoQuant AutoDeblur 2D Blind
Deconvolution (AutoQuant Imaging, Inc.).

FRAP

To analyze the association/dissociation rates of stress fiber components,
U20S cells expressing various GFP constructs were grown for 24 h on
glass-bottomed dishes or 3-5 h on glass-bottomed dishes precoated with
10 pg/ml fibronectin. Normal growth medium was used as imaging
medium. Confocal imaging was performed on a confocal microscope (TCS
SP2 AOBS; Leica) equipped with Leica Confocal Software (Lite 2.61.1537),
heating (+37°C), and CO; control. For GFP imaging, a 488-nm line and
a HCX PL APO 63%/1.4-0.6 (oil) objective were used. After three pre-
bleach scans of an entire image, five bleaching scans (3.9 s each) with
100% intensity of 476 nm (15 mW), 488 nm (70 mW), and 496 nm
(15 mW) laser lines over the region of interest (2.5 X 20 um) were
performed. After bleaching, the fluorescence recovery was monitored
10 times every 3.9 s and 15 times every 20 s. The recovery of the GFP
intensity was measured by Leica Confocal Software. The intensity of the
bleached area was normalized to a neighboring nonbleached area to di-
minish the error caused by normal photobleaching during the monitoring
period. Bleached and control areas used for measurements were also out-
lined to contain only one stress fiber to diminish fast intensity recovery
caused by the diffusion of soluble proteins. The values of intensity versus
time (min) were charted in a scatter plot, the recovery halftime (t,/2) was
measured from the plots, and the k., values (first-order rate constant) were
calculated by using the equation keps = 0.693 /1 /2.

Elongation rate measurements

Stress fiber elongation and arc flow rates were measured from GFP-actin
videos acquired using TILL Photonics imaging system. The length of dorsal
stress fibers (um) was measured from every 10th time-lapse frame (5 min)
by Bitplane Imaris suite software (Bitplane AG). The length versus time was
plotted in a chart, and k (length change in um/min) was calculated from
the linear trend line (Excel; Microsoft). Polymerization rates from focal ad-
hesions were measured by bleaching the region of interest as described in
the previous section, and the elongation of bright stress fiber region from
the focal adhesion was measured similarly to the elongation of an entire
stress fiber.

Online supplemental material

Fig. S1 shows that the overexpression of a loss-of-function mDia1/DRF1
mutant induces abnormal dorsal stress fiber morphology and accumu-
lation of a-actinin in these structures. Fig. S2 shows that expression of
Scar-WA in U20S cells leads to a loss of lamellipodia and transverse
arcs. Video 1 displays actin dynamics in U20S cells visualized by
GFP-actin. Video 2 shows actin dynamics in U20S cells visualized with
GFP-actin. Video 3 shows ventral stress fiber assembly visualized with YFP-
actin and zyxin-CFP. Video 4 shows dorsal stress fiber elongation visu-
alized by zyxin-CFP and a-actinin-YFP in U20S cells. Video 5 displays
dorsal stress fibers and arcs visualized by a-actinin-YFP in U20S cells.
Video 6 shows dorsal stress fibers and arcs visualized by zyxin-CFP and
a-actinin=YFP in mDial/DRF1 siRNA-transfected U20S cells. Video 7
shows dorsal stress fibers and arcs visualized by zyxin-CFP and a-actinin-
YFP in mDia1/DRF1 siRNA-transfected U20S cells. Video 8 demonstrates
arc assembly from short a-actinin crosslinked actin filament bundles gen-
erated at the leading lamellipodium. Video 9 shows dorsal stress fibers
visualized by GFP-actin in a p34 siRNA-transfected U20S cells. Video
10 shows the effect of blebbistatin treatment in U20S cells expressing
GFP-actin. Online supplemental material is available at http://www.jcb.

org/cgi/content/full /jcb.200511093/DC1.
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